Axonal growth cones require an evolutionary conserved repulsive guidance system to ensure proper crossing of the CNS midline. In Drosophila, the Slit protein is a repulsive signal secreted by the midline glial cells. It binds to the Roundabout receptors, which are expressed on CNS axons in the longitudinal tracts but not in the commissural tracts. Here we present an analysis of the genes leak and kuzbanian and show that both genes are involved in the repulsive guidance system operating at the CNS midline. Mutations in leak, which encodes the Roundabout-2 Slit receptor, were ®rst recovered by Nu Èsslein-Volhard and co-workers based on defects in the larval cuticle. Analysis of the head phenotype suggests that slit may be able to act as an attractive guidance cue while directing the movements of the dorsal ectodermal cell sheath. kuzbanian also regulates midline crossing of CNS axons. It encodes a metalloprotease of the ADAM family and genetically interacts with slit. Expression of a dominant negative Kuzbanian protein in the CNS midline cells results in an abnormal midline crossing of axons and prevents the clearance of the Roundabout receptor from commissural axons. Our analyses support a model in which Kuzbanian mediates the proteolytic activation of the Slit/Roundabout receptor complex. q
Introduction
During the development of the intricate axonal network found in the central nervous system (CNS), a number of evolutionary conserved attractive and repulsive guidance systems ensure correct axonal navigation (Tessier-Lavigne and Goodman, 1996) . A prominent choice point for many growth cones is the CNS midline, which serves as an organizing center during nervous system development of invertebrates and vertebrates. The majority of the CNS neurons are contralateral projecting neurons that send their growth cone to the other side of the body, thereby crossing the CNS midline. Guidance functions at the CNS midline are in part mediated by the Netrin proteins and their receptors (Culotti and Merz, 1998; Guthrie, 1997; Hong et al., 1999) . Extracellular proteins as well as second messengers can modulate Netrin signaling (Corset et al., 2000; Hong et al., 2000; Hopker et al., 1999; Ming et al., 1997 Ming et al., , 1999 .
Besides the Netrins, a number of other molecules have been implicated in axonal guidance. Ephrins, which can be either membrane-bound or secreted, mostly act as repulsive signals (Mellitzer et al., 2000) . Semaphorins similarly act as repulsive guidance molecules as well and bind to the Neuropilin/Plexin receptor complex (Nakamura et al., 2000; Yu and Kolodkin, 1999) . In addition, the Slit proteins mediate repulsion of CNS axons as well as in¯uence cell migration (Battye et al., 1999; Brose and Tessier-Lavigne, 2000; Hu, 1999; Kidd et al., 1999; Wu et al., 1999) . The Drosophila Slit protein contains four leucine-rich repeats (LRR), seven epidermal growth factor-(EGF-) like repeats and a conserved LNS sequence also found in Neurexin, Laminin, and Perlecan. Drosophila Slit as well as the vertebrate Slit proteins are proteolytically cleaved between EGF-repeats 5 and 6 by a still unknown protease (Brose et al., 1999) . In the developing embryonic CNS of Drosophila, the midline glial cells speci®cally express slit. In slit mutant embryos, growth cones enter the midline but never leave it and, as a consequence, all CNS axons collapse at the midline (Rothberg et al., 1988 (Rothberg et al., , 1990 .
The evolutionary conserved gene roundabout encodes one of the Slit receptors (Brose et al., 1999; Kidd et al., 1998a; Zallen et al., 1998) . First roundabout mutations were identi®ed in a screen for genes affecting CNS axon pattern formation in the Drosophila embryo. In contrast to the wild type, axons normally running in the longitudinal tracts now frequently cross the CNS midline in roundabout www.elsevier.com/locate/modo mutants (Seeger et al., 1993) . The Roundabout protein is a member of the immunoglobulin family and is expressed on all axons that never cross the midline. The majority of axons, however, do cross the midline once; here Robo is expressed at high levels on their growth cones only after they have crossed the midline (Kidd et al., 1998a) . In Drosophila, the novel transmembrane protein Commissureless that is speci®cally expressed by the CNS midline cells (Kidd et al., 1998b; Tear et al., 1996) brings about this precise subcellular regulation of Roundabout expression. commissureless and roundabout show complementary mutant phenotypes in which either too few or too many axons cross the midline. To date, no commissureless-like gene has been identi®ed in vertebrates.
Speci®city of Roundabout signaling depends on its cytoplasmic domain, where a number of conserved sequence motifs mediate interactions with the Abelson tyrosine kinase and its substrate Enabled and thus possibly provide the link to other pathways (Bashaw and Goodman, 1999; Bashaw et al., 2000) . Recently, receptor tyrosine phosphatases, Calmodulin and Sos-Ras pathways were found to regulate Slit/Roundabout signaling; the direct link to Roundabout, however, has not yet been established (Fritz and VanBerkum, 2000; Sun et al., 2000) .
Mutations in slit lead to an embryonic lethality, whereas the loss of roundabout function does not and adult escapers eclose (Kidd et al., 1998a) . Furthermore, the CNS phenotype of slit mutant embryos is much more severe compared to loss of function mutations in the roundabout gene. Thus, it is not surprising that additional Roundabout-like receptors were found in the Drosophila genome (Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) .
We have previously conducted a large EMS screen to identify zygotically active gene functions required for the correct establishment of the CNS axon pattern (Hummel et al., 1999a,b) . The monoclonal antibody BP102 served as a screening tool and 114 mutations in which the segmental commissures were not properly separated into distinct anterior and posterior axon bundles were identi®ed. To further characterize these mutations, we have now analyzed the distribution of the Fasciclin II antigen (Grenningloh et al., 1991) . In wild type embryos, anti-Fasciclin II antibodies recognize a regular arrangement of three discrete axon fascicles in each of the two longitudinal connectives (Fig.  1A) . These Fasciclin II positive axons never cross the CNS midline. Mutations in four genes were identi®ed that prominently affect the crossing of the Fasciclin II positive axons. Mutations in leak result in a similar CNS phenotype In leak S4-14 mutant embryos, the organization of Fasciclin II positive ®bers is disrupted. Axons frequently cross the CNS midline. Note that also the lateral Fasciclin II expressing fascicles are affected. (C) In roundabout mutant embryos, the disruption of Fasciclin II positive ®bers is less pronounced. Here, the medial-most fascicle appears affected and collapses at the CNS midline (arrowheads). (D) leak roundabout double mutant embryos show an almost complete collapse of axon fascicles at the CNS midline. The phenotype is comparable to the slit mutant phenotype (H). (E) The regular ladder-like arrangement of axon tracts is visible in wild type embryos. In each neuromere, two commissures connect the two lateral halves of the nervous system. (F) leak mutant embryos only show a slight disruption of the overall axon pattern. (G) In a dorsal plane of focus, muscle ®bers traversing the CNS can be seen (arrows). This is neither observed in the wild type nor in roundabout mutant embryos. compared to mutations in roundabout and the leak roundabout double mutant phenotype resembles the slit phenotype. We also isolated mutations in the kuzbanian gene, which encodes a secreted metalloprotease. Genetic experiments indicate that Kuzbanian might be acting at the midline to generate the active Slit/Roundabout receptor± ligand complex.
Results
CNS axons of wild type embryos are found in a stereotyped ladder-like arrangement. Within each neuromere, two commissures link the two halves of the nervous system. Individual neuromeres are connected by axons running in discrete fascicles in the lateral connectives (Fig. 1E) . Some of these fascicles express the adhesion molecule Fasciclin II (Goodman and Doe, 1993, Fig. 1A ).
roundabout regulates midline crossing
Seven independent mutations resulting in a roundaboutlike axon phenotype were initially identi®ed based on their abnormal commissure phenotype as revealed by a BP102 staining (see Section 4, Experimental procedures). In addition, the longitudinal connectives appeared reduced. Complementation analysis and genetic mapping experiments showed that ®ve of these mutations indeed represent new roundabout alleles. In roundabout mutant embryos Fasciclin II expressing CNS axons repeatedly cross the CNS midline, most frequently the formation of the medial-most fascicle, the pCC/MP2 fascicle, is affected (Fig. 1C) . In older embryos, a collapse of this fascicle along the CNS midline can be observed (Fig. 1C , arrowheads).
Identi®cation of a new complementation group leading to a roundabout-like CNS phenotype
The two remaining mutations (H1-3 and S4-14) complemented roundabout but failed to complement each other (Fig. 1F) . Using recombination and de®ciency mapping, we were able to place the corresponding gene in the chromosomal interval 21D1±22A2. The allele H1-3 is a temperature sensitive allele and leads to a stronger phenotype at 298C (data not shown). The embryonic CNS phenotype of homozygous mutant S4-14 embryos is comparable to those carrying de®ciencies of the interval 21D1±22A2 in trans to S4-14, suggesting that S4-14 represents an amorphic allele.
In contrast to the wild type, Fasciclin II positive axon fascicles frequently cross the CNS midline in S4-14 mutant embryos (Fig. 1B) . Compared to roundabout mutant embryos, however, the phenotype appeared more pronounced. It is not con®ned to the pCC/MP2 fascicle but also affects the lateral and medial Fasciclin II positive axon bundles. In addition, the formation of the longitudinal connectives is reduced. This phenotypic trait is again more pronounced than in roundabout mutant embryos.
In S4-14 mutant but not in H1-3 mutant embryos muscle ®bers frequently cross the CNS on the dorsal surface of the CNS, which they never do in the wild type (Fig. 1G,  arrows) . The formation of the peripheral nervous system as judged by the expression of the 22C10 marker appears normal (data not shown).
leak is required for the formation of the head skeleton
Besides the embryonic CNS phenotype, we observed a larval cuticle defect. S4-14 leads to embryonic lethality; the homozygous mutant larvae show a typical cuticle phenotype. The head skeleton is defective and the lateral-Gra Èten and the H-piece do not form (Fig. 2) . A similar mutant cuticle phenotype had been described for mutant leak alleles, which had been mapped meiotically to the same genomic interval (Nu Èsslein-Volhard et al., 1984; Fig. 2) . Subsequent complementation analyses showed that H1-3 and S4-14 both are new leak alleles. Furthermore, leak 1 mutant embryos displayed a similar but weaker mutant embryonic CNS phenotype (data not shown). Thus, one can conclude that leak is required to prevent crossing of longitudinal axon tracts similar to roundabout. Mutations in two genes encoding roundabout-related repulsive guidance receptors were recently isolated in the laboratories of B. Dickson and C.S. Goodman (Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) . Complementation analysis revealed that leak is indeed allelic to robo2, indicating that leak encodes a Roundabout-like Slit receptor.
As the ®rst leak alleles, mutations in the slit gene were initially identi®ed based on their common head phenotype (Nu Èsslein-Volhard et al., 1984; Fig. 2F) . The head defects are indicative for abnormal head involution. In wild type embryos this process starts during stage 11/12 when the brain neuroblasts invaginate into the interior of the embryo (Ju Èrgens and Hartenstein, 1993; Campos-Ortega and Hartenstein, 1997) . Subsequently, a complex set of morphogenetic movements results in a closure of the gap dorsally to the forming brain lobes (Fig. 3A,B) . The posterior dorsal ectoderm continues to extend anteriorly and together with the adverse movement of the dorsal clypeolabrum leads to the formation of the dorsal pouch ( Fig. 3C ). At the end of embryogenesis the dorsal ectoderm has enclosed the anterior tip of the embryo (Fig. 3D) . The different ectodermal domains highlighted by the color code in Fig. 3 indicate expression domains of slit and leak, respectively.
We thus used digoxygenin labeled anti-sense slit RNA to probe slit expression during head development (Fig. 4a±cc) . slit expression can be observed in the ectoderm just ventral to the invaginating foregut as soon as the CNS midline expression of slit can be detected. In addition, we found slit expression in the clypeolabrum. In stage 12 embryos three expression domains can be recognized (Fig. 4a) . By stage 13 the middle domain resolves in two distinct domains. Domain (d) has broad lateral extension (Fig. 4b , boxed area). In stage 16 embryos, domains (a±c) are found inside the embryo. Also, ectodermal slit expression in domain (d) is found dorsal to the pharynx musculature in the dorsal pouch (Fig. 4c) .
Leak protein expression was monitored using a polyclonal antiserum (Rajagopalan et al., 2000a,b) . In wild type stage 12 embryos high levels of Leak protein were found ventrally to the foregut adjacent to but in parts overlapping with the slit-expressing domain (Fig. 4d, g, arrow) . This expression mode is different from the ventral nerve cord where Leak protein is excluded from the midline (Fig. 4g , asterisk). However, during stage 13/14 Leak expression is lost in the ectodermal midline cells in the head (Fig. 4i , arrow). During head involution, the dorsal ectoderm slides over the forming brain lobes (Fig. 4e ) and over the developing foregut region (Fig. 4f ). High levels of Leak expression are found in the leading edge cells of the migrating dorsal ectoderm. In stage 17 embryos Leak expression pre®-gures the forming mouth hooks (Fig. 4k) .
Within the ventral nerve cord of slit mutant embryos, the ventral expression domain of Leak shifts toward the midline (compare Fig. 4i,j, asterisk) . Interestingly, Leak expression in the anterior ventral ectoderm appears to remain unchanged (compare Fig. 4i,j, arrows) . In the dorsal expression domain we noted that leak expressing ectodermal cells do not migrate as fast anteriorly as they do in the wild type (compare Fig. 4e ,h and k,l). In fact, in slit mutant embryos the dorsal ectoderm fails to migrate toward the anterior tip of the embryo (Fig. 4l, boxed area) . In addition, Leak expressing cells do not properly pre®gure the mouth hooks. The medial connection is not formed but rather one can observe that the Leak expressing cells fan out laterally (Fig. 4l, arrowhead) .
In summary, Leak appears to act as a Slit receptor during head involution. During this process it controls morphogenetic movements rather than directed growth of axons or ®lopodia. The observed migration defects in slit mutants may indicate that Slit/Leak interaction does not necessarily lead to a repulsive signaling mechanism.
leak and roundabout act in concert in the ventral nerve cord but not in the head
To determine whether leak and roundabout generally act in the same genetic pathway controlling axon guidance at the embryonic CNS midline, we analyzed the CNS phenotype of robo leak double mutant embryos. Mutations in either roundabout or leak result in relatively mild CNS defects and axons crossing the midline appear to be able to grow away from the midline (Fig. 1) . Opposed to that, however, in leak roundabout double mutant embryos, most CNS axons collapse at the CNS midline, resulting in a severe, almost slit-like mutant CNS phenotype (Fig.  1D,H) . No cuticle phenotype was found in roundabout mutant larvae (data not shown) and roundabout leak double mutant larvae display a leak-like cuticle phenotype, which is comparable to the slit cuticle phenotype (Fig. 2E) . Thus, in The strong leak allele S4-14 results in a characteristic head defect. The H-piece cannot be detected, the dorsal bridge still forms. The phenotype is identical in homozygous S4-14 larvae and in leak 1 /leak S4-14 larvae. (E) In roundabout leak double mutant larvae, a phenotype comparable to the leak phenotype is found. (F) A similar head defect is found in slit mutant larvae.
contrast to the CNS, where both Roundabout and Leak appear to act as Slit receptors, migration of muscle cells or ectodermal cells during head involution requires leak but not roundabout.
kuzbanian is required to repel Fasciclin II expressing axons from the CNS midline
Another complementation group consisting of ®ve alleles that lead to abnormal commissure formation was mapped to the genomic interval 34C/D (see Section 4, Experimental procedures; Fig. 5a ). Subsequent complementation analyses indicated that we had identi®ed EMS-induced alleles of kuzbanian, which encodes a metalloprotease of the ADAM family that has been implicated with the processing of the Delta and Notch proteins (Pan and Rubin, 1997; Qi et al., 1999) . In kuzbanian mutant embryos, many Fasciclin II positive axons appear to cross the CNS midline. In fact, it appears as if many, if not all, commissural axons now express the Fasciclin II antigen (Fig. 5e ). As in roundabout or leak, the longitudinal axon tracts of kuzbanian mutant embryos were reduced in size but they are generally found in more lateral positions (Fig. 5a ).
slit and kuzbanian genetically interact
The mutant kuzbanian Fasciclin II phenotype suggested that kuzbanian might be involved in the repulsive signaling system operating at the CNS midline. Work from K. Brose et al. had also suggested that Kuzbanian participates in the processing of the secreted Slit protein (Brose et al., 1999) . We thus tested a possible genetic interaction of the two mutations by ®rst analyzing the CNS phenotype of slit kuzbanian/1 1 embryos. When heterozygous, both mutations do not lead to a detectable embryonic CNS phenotype. In contrast to this, in 12% of the slit kuzbanian/1 1 embryos (or in 6% of the neuromeres out of 650 neuromeres counted) a roundabout-like mutant CNS phenotype was found (Fig. 5f ). In embryos lacking zygotic kuzbanian function in addition to being heterozygous for slit, a kuzbanianlike CNS phenotype emerged. The position of the longitudinal connectives, however, is shifted toward the CNS midline (Fig. 5b) . Removal of one copy of kuzbanian in a slit mutant background did not enhance the slit phenotype (data not shown).
This could be interpreted such that the Kuzbanian protease is required to activate the Slit protein, which serves as a ligand of the Roundabout receptors. We thus analyzed different allelic combinations of roundabout and kuzbanian. roundabout kuzbanian/1 1 embryos appeared wild type (data not shown). When we removed one copy of kuzbanian in a roundabout mutant background, a roundabout CNS phenotype developed (Fig. 5c) . The Fasciclin II phenotype may be slightly more extreme compared to the roundabout phenotype as the lateral Fasciclin II positive fascicles are also affected (Fig. 5g, arrowhead) . The overall axon pattern of embryos homozygous for roundabout and kuzbanian appears to be a slightly more severe phenotype compared to the roundabout phenotype as we frequently detected axons running along the CNS midline (Fig. 5d, arrow) . This is also evident following a Fasciclin II staining (Fig.  5h, arrow) .
We could show that slit and kuzbanian genetically interact. Since slit is required for head formation as well, we also analyzed the cuticle phenotype of kuzbanian mutant larvae. Removal of the zygotic expression did not lead to a head defect as observed for slit or leak mutant larvae (data not shown). We presume that maternal kuzbanian function may mask a head phenotype. Removal of maternal and zygotic kuzbanian function leads to a neurogenic phenotype with no recognizable head structures (Rooke et al., 1996) .
Kuzbanian affects Roundabout expression on commissural axons
In kuzbanian mutants Leak expression is unaffected (data not shown). To address the question whether Kuzbanian affects the expression of Roundabout we used an anti-Robo antibody generated by Kidd et al. (1999) . In wild type embryos, the Roundabout protein is always found on the longitudinal connectives (Fig. 6c) . No Roundabout protein is expressed on commissural tracts. In kuzbanian mutant embryos, however, Roundabout can be detected on commissural axons crossing the CNS midline (data not shown). Thus, Kuzbanian may function to clear Roundabout/Slit receptor± ligand complex from axons crossing the CNS midline.
During development, kuzbanian is expressed ubiquitously and most, if not all, CNS neurons appear to express the gene. Expression of a dominant negative Kuzbanian protein in all CNS neurons using the elav promoter leads to a kuzbanian-like CNS axon phenotype (Pan and Rubin, 1997) . To better analyze which cells in the developing CNS have to express the Kuzbanian protein in order to prevent the inappropriate crossing of the CNS midline by navigating axons we employed the GAL4 system (Brand and Perrimon, 1993) . Using a single-minded GAL4 driver strain, we expressed a dominant negative Kuzbanian protein in all CNS midline cells. In 18% of the embryos we observed no gross CNS defects, in the remaining embryos we found midline crossing of Fasciclin II positive axons. 40% of these embryos displayed an almost roundabout-like CNS axon phenotype (Fig. 6b) . Additionally, the formation of the lateral Fasciclin II positive axon tracts was affected, pointing toward a non-cell-autonomous function of the dominant negative Kuzbanian protein when expressed in the CNS midline (Fig. 6b, arrows) . This is also suggested by the observation that in embryos expressing the dominant negative Kuzbanian protein muscle ®bers traverse the CNS dorsally as observed in slit or leak S4-14 mutant embryos (data not shown). We next intended to ®nd out whether the expression of dominant negative Kuzbanian in the CNS midline cells also affected the clearance of the Roundabout protein from commissural axons. As observed in kuzbanian mutant embryos, Roundabout is found on commissural axon tracts, suggesting that Kuzbanian participates in the down-regulation of Roundabout expression on commissural axons (Fig. 6d) . This also shows that axons can cross the midline despite the expression of Roundabout.
Discussion
In the present paper we have analyzed second chromosomal genes affecting the projection of Fasciclin II positive axons in the CNS. Previously, it has been found that three different Roundabout proteins act as repulsive receptors, which upon binding to the Slit ligand prevent longitudinally projecting axons from crossing the CNS midline (Battye et al., 1999; Kidd et al., 1998a Kidd et al., , 1999 Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) .
Leak and Roundabout prevent axon crossing and cell migration
The current model for roundabout function suggests that it can act at the CNS midline to control whether or not an axon may cross. In addition, it functions throughout the neuropile, where it appears to inhibit ®lopodial extension and subsequent branch formation and thereby speci®es the lateral position of longitudinal axons (Murray and Whitington, 1999; Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) . The repulsive ligand of the Roundabout receptor is encoded by the gene slit (Brose et al., 1999; Kidd et al., 1999) . Based on the different severity of roundabout and slit mutant phenotypes, it had previously been suggested that other Slit receptors exist in the Drosophila genome. Indeed, two additional roundabout-related genes were recently identi®ed in the Drosophila genome (Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) . In our phenotypic screen for mutations affecting the general axon pattern in the embryonic CNS (Hummel et al., 1999a) , we have identi®ed several complementation groups that lead to a roundaboutlike mutant phenotype. Among these, one complementation group comprises new mutations in the gene leak, which was ®rst described by Nu Èsslein-Volhard et al. (1984) . In further analyses we could show that leak is allelic to the recently identi®ed robo2 alleles. robo1 and leak act ± together with the robo3 gene ± in a combinatorial fashion to direct different axon fascicles to their correct lateral position within the longitudinal connective (Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) . In agreement with this ®nding, roundabout and leak mutants predominantly affect different fascicles in the longitudinal connectives.
In addition to its role during axon guidance, leak also functions during cell migration. About 20 years ago, mutations in leak were identi®ed based on their characteristic head defects that suggested a function during head involution, a process that requires morphogenetic cell movements (Ju Èrgens and Hartenstein, 1993, Fig. 3 ). The role of Roundabout receptors in cell migration is not surprising since mutations in the Roundabout ligand Slit result in defects in the migration of mesodermal cells. slit mutants also exhibit similar defects in head involution as seen in leak mutant embryos (Nu Èsslein-Volhard et al., 1984) . Similarly, slit function in vertebrates has been associated with cell migration (Brose and Tessier-Lavigne, 2000; Hu, 1999; Wu et al., 1999; Yuan et al., 1999) . The phenotypic analysis of the slit/ leak mutant phenotypes may, however, indicate that Slit does not act as a chemorepellent during head involution. slit is expressed in the dorsal pouch along which leak expressing cells migrate during head involution. In slit mutants, migration of this cell sheath is reduced. A simple explanation of this phenotype could be that the slit expressing dorsal pouch cells are attractive for the leak expressing ectodermal cells ± alternatively one would have to postulate a more caudally located slit source driving the ectodermal cells toward the anterior of the embryo by a repulsive mechanism. However, we did not detect such slit expressing cells, suggesting that Slit, as Netrins, can act in both ways ± as repulsive and as attractive guidance cue.
The role of Slit
The function of midline derived Netrin is to attract commissural growth cones over distance (Fig. 7A) . By activating the different Roundabout receptors (Robo1, Leak and Robo3) Slit ensures that axons are able to exit the midline and furthermore contributes to the lateral organization of the connectives. How can this work? Does Slit diffuse from the midline and create a concentration gradient to subsequently activate the Roundabout receptors at distinct positions? The CNS midline cells express Slit, but antibodies generated against the C-terminal part of the protein have so far failed to directly detect a Slit gradient, even though they did show some protein on longitudinal axons (Rothberg et al., 1990) . Genetic evidence here also suggests that at least in the mesoderm Slit can act as a long-range chemorepellent controlling mesoderm migration away from the midline (Bashaw and Goodman, 1999; Kidd et al., 1999) . Slit is secreted as a 200 kDa protein from the midline glial cells and is proteolytically cleaved into a 140 kDa N-terminal and a 55±60 kDa C-terminal fragment. High levels of Slit expression are found on CNS midline glial cells, which could indicate that the majority of the Slit protein is tethered to these cells by a still unknown receptor (Fig. 7B) . Following binding by the Roundabout receptor a repulsive growth signal is initiated. However, due to the ®rm association of the Roundabout/Slit complex the growth cone stalls (Fig. 7C) .
Kuzbanian controls axon crossing
kuzbanian encodes a transmembrane disintegrin metalloprotease of the metzincin superfamily of zinc peptidases also known as ADAM10 (Rooke et al., 1996; Schlondorff and Blobel, 1999; Stocker and Bode, 1995) . In kuzbanian mutant embryos, longitudinal axon ®bers cross the CNS midline and furthermore kuzbanian slit transheterozygous embryos show enhanced crossing of longitudinal axon tracts, suggesting that kuzbanian is also involved in slit signaling.
kuzbanian was initially identi®ed based on its neurogenic phenotype. In the absence of maternal and zygotic kuzbanian function lateral inhibition is impaired and an excess of neuroblasts delaminates from the neuroectoderm (Rooke et al., 1996) . In the lateral inhibition process, the Delta protein signals to the surrounding cells within a proneural cluster where it activates the Notch receptor. Delta as well as Notch are likely to be post-translationally cleaved by the Kuzbanian protease and this modi®cation is required to generate the functional molecules (Jarriault et al., 1998; Klueg et al., 1998; Pan and Rubin, 1997; Qi et al., 1999; Schlondorff and Blobel, 1999) .
During later stages of neurogenesis, kuzbanian is also required. In a previous report it was suggested that in the absence of kuzbanian function, neurite extension is impaired (Fambrough et al., 1996) . Our phenotypic analysis indicates that in kuzbanian mutant embryos, longitudinally projecting axons expressing Fasciclin II are able to cross the midline, which does not occur in the wild type. These commissural axons also ectopically express the Roundabout receptor, which they never do in wild type embryos.
Together with the data obtained from analyzing kuzbanian function during Delta±Notch signaling, this may be interpreted either as a requirement of kuzbanian in the CNS midline to generate the fully active Slit protein or it may indicate that Kuzbanian activates one or more Roundabout receptors in the lateral CNS.
kuzbanian function at the CNS midline
To further elucidate the function of kuzbanian, we expressed a dominant negative version (Pan and Rubin, 1997) in all CNS midline cells. Interestingly, this resulted in a mutant CNS phenotype combining phenotypic traits of roundabout and leak: axons and muscle ®bers cross the CNS midline. This may indicate a function of Kuzbanian during Slit processing, possibly in¯uencing the formation of the Slit gradient in the developing Drosophila nervous system. Alternatively, it may be interpreted in such a way that the cleavage of the Roundabout/Slit complex is required to facilitate growth cone retraction at the midline (Fig. 7D) .
This latter possibility is reminiscent of recent ®ndings regarding the function of Ephrin signaling. The membrane-anchored Ephrin ligands constitute a large family of axon guidance molecules, which upon binding to Eph-receptor tyrosine kinases frequently mediate repulsive signals (Mellitzer et al., 2000) . In order to form the receptor±ligand complex, which triggers signaling to the cellular cytoskeleton, the two cells involved must adhere and subsequently cannot pull their plasma membranes apart. Only after the membrane anchored Ephrin ligand is cleaved by the Kuzbanian metalloprotease is the retraction process initiated (Hattori et al., 2000; Pasquale, 2000) .
Kuzbanian regulates Roundabout expression
In wild type embryos, Commissureless is expressed in the CNS midline cells and down-regulates the expression of Roundabout on commissural axons (Kidd et al., 1998b; Tear et al., 1996) . It was previously suggested that this down-regulation is required in order to allow crossing of contralateral projecting axons. In roundabout mutant embryos, axons frequently cross or even recross the CNS midline since the midline repellent Slit cannot be perceived (Kidd et al., 1998a Murray and Whitington, 1999; Seeger et al., 1993) . Conversely, high levels of roundabout expression result in a commissureless mutant phenotype . In kuzbanian mutant embryos, axons are able to cross the midline despite the expression of Roundabout on commissural axons. The local expression of a membrane-bound dominant negative Kuzbanian protein in the CNS midline mimics this phenotype. Thus, kuzbanian functions at the CNS midline in the clearance of the Roundabout receptor from commissural axons. This process may involve calmodulin and Sos. In this double mutant, too, axons cross the midline and Roundabout protein is found on the surface of commissural axons (Fritz and VanBerkum, 2000) . Furthermore, in kuzbanian mutants, the function of roundabout appears to be reduced since axons cross the midline, indicating that only the activated Slit/Roundabout complex can induce its clearance from commissural axons.
Experimental procedures

Fly stocks
Flies were raised on conventional medium at 258C. Recombination experiments were performed according to standard procedures. The following¯y strains were used: UAS-DNKuz (Pan and Rubin, 1997) was obtained from T. Laverty, Berkeley, sim-GAL4 (Menne et al., 1997) . To identify the genotypes of the stained embryos, we used b-galactosidase marked balancer chromosomes. The following EMS-induced alleles were isolated: ®ve roundabout alleles (Q1-15, P2-103, P1-104, O1-103, O4-67), two leak alleles (H1-3, S4-14), ®ve kuzbanian alleles (P2-108, F2-16, R1-4, J2-11, S5-65), and 11 slit alleles (B1-32; J2-78; L2-107; P2-31; P3-2; S5-57; S5-76; T3-83; U1-14; X5-6; C1-1). lea 1 cn 1 bw 1 sp 1 /CyO was obtained from Bloomington.
Histology
Antibody staining procedures were performed as described (Hummel et al., 1999a) . In situ hybridization experiments were performed according to Tautz and Pfei¯e (1989) .
